Precision measurement of small objects with nano-, subnanometer resolution is very urgent problem especially applied to micromechanics, nanotechnology. New high precision method for small opaque objects measurement using Fraunhofer diffraction in divergent light is presented. The algorithm, based on contrast analysis of diffraction Fraunhofer pattern in its centre, allow us to determine the sought parameter with high precision within range from a few to dozens microns. Experimental results are given.
Introduction
Improving the quality of articles manufactured, their microminiaturization and further development of nanotechnologies take new noncontact gauges with much higher performances for dimensional inspection of small objects (up to 100 m). The measurement systems being developed should have a resolution up to subnanometer one (from 1 to 100 nm), a high productivity (more than 10 3 measurements per second) and the measurement lower boundary of a few microns. They also should be relatively cheap and compact in size easily to be built in different production lines [1] .
Among the small objects under inspection there are a lot of opaque articles with clear shadow projection (dark ones on light background). Applying standard measurement systems using shadow and diffraction methods for inspection of opaque small objects meets certain difficulties and limitations [2] . They occur due to either the diffraction limits of the projection systems [2] or to the low SNR in usual diffraction systems that potentially proved to be the best for this purpose [3] . Decreasing of the useful component of the diffraction pattern in the last case is caused by the background influence non-diffracted beam.
That is why one considers actual the search for new approaches, including schematic solutions, to develop the precision measuring gauges for dimensional inspection of small objects. For this purpose we have proposed to use Fraunhofer diffraction patterns being formed in free space when a small object is being illuminated by divergent spherical waves [4] .
Below new measurement method and estimation of its basic characteristics are presented. The experimental results are given.
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Essence of the method
The essence of the proposed method is illustrated by optical layout shown in Fig. 1 . Here, the opaque small object with D size placed from the source of light in distance r is illuminated by the divergent spherical wave from the coherent light source formed by the microobjective (Fig. 1) . The amplitude transfer function of such opaque object can be described as:
It includes the background (noise) component and useful component that corresponds to the transparent slit object. The object diffraction pattern is formed in free space in plane P 2 , which is placed on z distance from the object. This distance is satisfied to Fraunhofer diffraction condition. The pattern for opaque object (like screen) can be considered as composition (subtraction) of two fields, one of which is the passing illuminating spherical wave and other is Fraunhofer diffraction field for the slit with the same D. When the object is enough small, the observed image is quite different from the slit diffraction pattern (Fig. 2) . Due to the interference phenomena in the center of the diffraction pattern one can observe intensity dip instead of maximum light intensity, which is typical for the slit diffraction pattern. The value of the dip is determined by D. Thus, calculation of D could be reduced to analysis of the light intensity contrast in the central part of the diffraction pattern.
The advantages of the method are its simplicity, lower measurement boundary up to a few microns and potentially high resolution (up to 1-10 nm).
We have studied the features of the diffraction pattern formation and developed algorithms for high-precision determination of the geometrical parameters.
Calculation of object's diffraction field
Let a small opaque object with amplitude transmission (1) is being illuminated by divergent spherical light wave ) y ,
is propagated in free space along z-axis between planes P 1 and P 2 (E 0 is initial amplitude under x = y = 0, r = z, k = 2/, where  is wavelength). Then field g(x 2 , y 2 ) in plane P 2 can be written as: 
the observed light intensity distribution in plane P 2 could be expressed as:
where light intensity I o = E o 2 , L= r + z , μ = L/r, and D cr is the critical size of the object, equal to the double size of Fresnel zone.
In spite of the slit Fraunhofer diffraction pattern with minima in the points
(n = 1, 2, 3…) the image I(x 2 ) for the opaque object has additional welldefined modulation due to the interference of the transmitted wave with the one diffracted by the object. Moreover, in the center of the image (Fig. 2) due to the subtraction (2) one could observe intensity dip from I max to I min . Algorithm for determination D is based on analysis of contrast ΔI of the image in its central part (Fig. 2) . The value of the contrast at x max << λz/D according to (2) will be mainly determined by the third interference term, which is directly proportional to D:
Thus, taking into account z = L(μ-1)/μ one has D expressed as :
Determination of size D (with L and λ specified) requires to know parameter μ = L/r that depends on the position of the object along Z axis, which in general is variable within certain limits. To find μ one could use the fact that its value determines distance ΔX max between the maxima, observing in the center of the image (Fig. 2) :
The resulting formula to calculate D will be the following:
Thus, calculation of object's size D has been reduced to measuring two parameters -ΔI and ΔX max using object's Fraunhoffer diffraction pattern.
The measurement range
It is obvious that upper boundary The lower measurement boundary of the D low is determined by applicability of the Fresnel-Kirchhoff model applied, which is valid, as it is known, at D low =(3÷5)λ that constitutes a few microns [2] .
The error in finding D according to Eq. (7-9) depends on accuracy of measuring contrast ΔI and parameter ΔX max . In practice the parameter can vary from 1 to 10 mm. When one uses modern multielement photoreceivers with the size of the pixel of 7 m and modern algorithms for processing of CCD signals, relative error Δλ may amount 0.01%. As for error ΔI, it depends on the power of the light source in use and the photoreceiver's dynamic range.
When one uses standard laser diodes and CCD line sensors the error for contrast measurement may amount 0,1%. Resulting error ΔD is mainly determined by accuracy of the contrast registration and, e.g., at D = 10 m it amounts few centenaries of a micron.
It is interesting to notice that the diffraction pattern's contrast when small sizes (~2-3 m) are being measured can be increased through reducing r. In this case in accordance with (5) one increases the intensity of the wave diffracted on the object and contrast: r D  2   . Figure 4 demonstrates examples of Fraunhofer diffraction patterns calculated for the objects with size of 2 and 5 m (L = 200 mm, λ = 0,525 m). The contrast of the images amounts 9,2% (μ = 10) and 5,1% (μ = 20) respectively.
Experimental results
The 
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did not result in significant additional measurement error (its maximum value did not exceed 0.15 m). 
Conclusion
The new method using Fraunhofer diffraction for measurement of opaque small objects being illuminated by divergent spherical waves was presented. The developed algorithm, based on contrast analysis of diffraction pattern in its centre, allows determination of the sought parameter with high precision within range from a few to dozens microns.
The experiments carried out have shown that within range from 5 to 90 m the measurement error has amounted 0.04-0.2 m. Further increasing of the method's precision characteristics for small sizes (up to 10 m) could be gained through using the partly coherent illumination, removing speckle noises in diffraction patterns.
The systems based on the proposed method, in compare with traditional diffraction measuring gauges, could have potentially higher technical, weight and size characteristics (with the size up to 100 mm).
